Investigations on microfluidic devices, called lab-on-a-chip or miniaturized total analysis systems (μTAS), have been advancing rapidly. 1 The advantages of microfluidic devices have been demonstrated in various kinds of analytical applications. Recently, investigations on microfluidic devices utilizing pressure-driven microflows have been progressing. 2 As an important fundamental technology, we have developed parallel co-current multiphase microflows in microchannels. 3, 4 In order to well control multiphase microflow, we also developed hydrophilic-hydrophobic selective-modification methods of a microchannel wall. 5, 6 In the hydrophilichydrophobic patterned microchannel, the aqueous and organic phases tend to flow on the hydrophilic and hydrophobic areas, respectively. By utilizing this technique, we have developed micro counter-current flows of aqueous and organic phases, and have demonstrated their application to highly efficient solvent extraction.
As an important fundamental technology, we have developed parallel co-current multiphase microflows in microchannels. 3, 4 In order to well control multiphase microflow, we also developed hydrophilic-hydrophobic selective-modification methods of a microchannel wall. 5, 6 In the hydrophilichydrophobic patterned microchannel, the aqueous and organic phases tend to flow on the hydrophilic and hydrophobic areas, respectively. By utilizing this technique, we have developed micro counter-current flows of aqueous and organic phases, and have demonstrated their application to highly efficient solvent extraction. 7 Micro counter-current flow is illustrated in Fig. 1 . Micro counter-current flows are supposed to be a laminar-type flow because of low Reynolds numbers. In addition, ordinary hydrodynamic boundary conditions, such as the continuity of velocity and shear stress, are supposed to be valid. One possible approach to elucidate the flow characteristics is to measure the flow-velocity profile. In a previous paper, 8 a micro particle image velocimetry (μ-PIV) was described that can measure the velocity profile. Since vortex-like motion was observed just around the liquid-liquid interface, the validity of the ordinary boundary conditions should be evaluated. However, even an ordinary hydrodynamic model for the velocity profile of micro counter-current flow has not been reported. Therefore, the validity of the ordinary boundary conditions has not been discussed in detail.
In the present work, we measured the velocity profile of the counter-current flows between aqueous and butylacetate phases, and compared it with an ordinary model. We derived the model by assuming laminar flow and ordinary boundary conditions at the solid-liquid and liquid-liquid interfaces. We will thus give a preliminary discussion on the validity of the ordinary assumptions.
First, we derived an analytical model for the flow velocity profile. The coordination system is presented in Fig. 2 , where a two-dimensional system is used for a simple discussion. In the previous report, we found that the liquid-liquid interface was pinned at the boundary between the hydrophilic-hydrophobic patterning along the microchannel. [5] [6] [7] Flow velocity profiles of micro counter-current flow of aqueous and butylacetate phases in a microchannel having a width of 100 μm were measured by micro particle image velocimetry. In order to analyze the hydrodynamic characteristics of the counter-current flow, we derived a simple analytical model for the velocity profile. When flow rates of the aqueous and organic phases were 0.2 and 0.1 μl/min, the model agreed well with the experimental results. Predictions about the velocity profile will contribute to estimation of the extraction efficiency in the co-current and counter-current extraction process. between the aqueous and organic phases is fixed at a line of y = 0. Here, the widths of the two phases are assumed to be the same.
Assuming a steady laminar flow, the two-dimensional Navier-Stokes equation can be simplified as
where μ, ρ, u and C are the viscosity, the density and the velocity in x-axis, and a constant, respectively. Equation (1) is expressed for the aqueous and organic phases as
where subsctipts aq and org correspond to the aqueous and organic phases, respectively. Here, the continuity of shear stress and non-slip are assumed as boundary conditions:
The volumetric flow rates of the aqueous and organic phases (Vaq and Vorg) are expressed as
Both uaq and uorg can be solved by utilizing Eqs. (1) - (9) and expressed as
The analytical solution under the conditions of Vaq/Vorg = 2.0 and μaq/μorg = 1.4 is presented in Fig. 2 . The flow profile should be a combination of two parabolic flows. In order to measure the velocity profile of the micro countercurrent flows, μ-PIV was utilized. The μ-PIV is an effective method for measuring the flow velocity in a microchannel. The details of the experimental methods were described in our previous paper. 8 A glass microchip (illustrated in Fig. 1 ) was used. The microchannel had a width of 100 μm, a depth of 25 μm and a liquid-liquid contact length of 500 μm. The lower half of the microchannel in Fig. 2 was made a hydrophobic surface by an octadecyltrichlorosilane modification. Fluorescent microparticles having a mean diameter of 1 μm were dispersed in the aqueous phase. Fluorescent images were taken with a high-speed camera with an image intensifier. In order to take images with high resolutions, a water-immersion objective lens with a numerical aperture of 0.90 and 60 × magnification was used. The depth of focus was 6.2 μm. The focal plane was set at 7 μm depth from the top wall. We measured the flow velocity profile of the water-butylacetate micro counter-current flow. Fluorescent microparticles were not dispersed in the butylacetate phase because fluorescent microparticles applicable to μ-PIV of the organic phase cannot be easily prepared. The flow velocity profile was analyzed based on temporal evolutions of fluorescent images, as shown in Fig. 3 . The particles appeared as bright points. Figure 4 shows the time-averaged velocity profiles at 100 μm distance from the confluence in the upstream part of the butylacetate phase. The circles and the solid line correspond to the experimental results and the analytical solution from Eq. (10) when the volumetric flow rates of the aqueous and butylacetate phases were 0.2 and 0.1 μl/min, respectively. Under these flow rate conditions, the mean flow velocities of the aqueous and butylacetate phases were calculated to be 8.5 and 4.2 mm/s, respectively. Under the flow condition, the direction of the flow at the interface should be consistent with the mean flow direction of the aqueous phase. Although the μ-PIV method could not measure the velocity just at the interface, we found a velocity of 0.7 mm/s very close to the interface, while the highest velocity was 2.5 mm/s at y = 23 μm.
Although the absolute flow velocity could not be predicted from Eq. (10), because the two-dimensional model was applied, our model described the experimental results well. Thus, we confirmed that our simple model is valid for the counter-current flow under the present flow condition. However, in our previous reports, we found some anomalous velocity profile, such as vortex-like streak line. 8 This implies that other phenomena, which we did not consider, affect the flow profile. For example, while a flat liquid-liquid interface is assumed here, the actual interface can be deformed in order to compensate for a pressure difference between the two phases. 9 The deformation can modify the flow vector. Some other phenomena, such as slip at the liquid-liquid interface, should be considered.
In conclusion, we have theoretically calculated and experimentally measured flow velocity profiles of micro counter-current flows. We found that our simple model was valid under the present flow condition. The velocity profile is important for calculating the extraction process both in countercurrent and co-current flow. In order to clarify the validity and the limit of our simple model, we should measure the flow profiles under various conditions. Furthermore, the shape of the liquid-liquid interface should be investigated, although we could not measure the shape because of low spatial resolution in the zdirection in the present experimental setup. These points will be presented elsewhere. 
